An all-electron density functional theory study of the structure and properties of the neutral and singly charged M 12 and M 13 clusters: M = Sc-Zn J. Chem. Phys. 138, 164303 (2013) It is well known that double-ring boron clusters have got the special double aromaticity with delocalized π orbitals in two directions (tangential and radial), which are potential ligands centered by a transition metal. In this article, the transition metal centered double-ring boron clusters M@B 2n (M = Ti, Cr, Fe, Ni, Zn; n = 6, 7, 8) are theoretically investigated by density functional theory calculations. These endohedral compounds have also got double aromaticity in both tangential and radial directions. Interestingly, the tangential delocalized π orbitals of boron ligands following the Huckle's (4n + 2) rule do not interact with the central metal, while the radial π orbitals of boron ligands are bonded with the central mental to form spd-π endohedral bonding. The spd-π endohedral bonding follows the 18e-principle in Ni@B 14 and Fe@B 16 . However, due to the flat shape of the compounds, 14e (Cr@B 14 ) and 16e (Ni@B 12 ) can also be electronically very stable where the energy levels of the spd-π orbitals delocalized in z-direction rise up. This intriguing bonding model makes sense in further study of the boron chemistry.
I. INTRODUCTION
The organo-iron compound dicyclopentadienyliron Fe(C 2 H 5 ) 2 was first obtained by Kealy 3 and other investigators 4, 5 identified its sandwich structure and named it ferrocene. This discovery had attracted considerable attention because of its particular chemical bonding and potential application in the field of chemistry. Since then, numerous ferrocene analogues, which were called metallocenes, had been synthesized and theoretical studies revealed that the ligands of these complexes had got delocalized π bonding in common. At first, metallocenes with organic ligands held most of the interests of researchers. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] However, the reports on the inorganic ligands, which were found have the similar delocalized bondings, had grown rapidly since the beginning of 21st century. In recent years, all-boron clusters were considered as potential new inorganic ligands because of their aromatic and antiaromatic electronic properties similar to the hydrocarbons. Wang et al. [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] carried on a series studies on the boron clusters and complexes with boron ligands and reviewed the structure and stability of B n (n = 3-20) clusters. The 2D-3D structural transition of neutral boron cluster occurs at B 20 , of which the double-ring tubular structure is proved to be the most stable. 51, 55, 56 The charge effect has also affected the geometrical transition, 57 and anionic boron cluster remains planar or quasi-planar up to B 24 − . 58 But there are still exceptions, recent studies report a flat cage B 14 cluster 59 and a) Author to whom the correspondence should be addressed. Electronic addresses: clj@ustc.edu and jlyang@ustc.edu.cn.
a disk-aromatic bowl cluster B 30 . 60 Chemical bonding analysis reveals that delocalized multicenter-two-electron (nc-2e) σ and π bonds in all boron system stabilize the clusters, which makes the formation of metal-doped boron cluster available. 56 The boron-ligand metal compounds of wheel-type [61] [62] [63] [64] [65] 69 reports the metal-doped boron complexes CoB 12 − and RhB 12 − with half-sandwich-type structure, and theoretical study reveals that there are three M-B single σ bonds and one delocalized π bond between the metal and the B 12 ligand.
The all boron cluster B 20 with special double-ring structure was first reported by Kiran et al. 55 in 2005. Molecule orbital analysis reveals that this kind of boron clusters has got strong aromaticity due to the doubly directional delocalized π orbitals. [70] [71] [72] [73] Thus, the delocalized π orbitals in doublering boron clusters can also interact with trans-metals. However, when centered by a trans-metal, the bonding model between the doubly delocalized π orbitals and the metal orbitals remains unclearly. In this article, the compounds of boron double-ring ligand centered with a trans-metal atom M@B 2n (M = Ti, Cr, Fe, Ni, Zn, n = 6, 7, 8) are investigated using density functional theory (DFT) method. Although the global minimum structure of small bare B n cluster (n ≤ 20) is planar or quasi-planar in the early study, 51, 55, 56 the interaction with the central metal atoms helps the complexes achieve stability in double-ring formation. The structural stability is discussed and the analysis of electronic properties proved that the spd-π interaction plays an important part in stabilizing the M@B 2n . 
II. COMPUTATIONAL DETAILS
In this article, the TPSSh functional 74 is chosen in the theoritcal study, which has been proved to be reliable in the study of metal-doped boron clusters. 68, 75, 76 The geometry optimizations are carried out with 6-31G* basis set for boron and LANL2DZ for trans-metal atoms. To confirmed the stability of the complexes, the binding energy, HOMO-LUMO gap, vertical electron affinity (VEA), vertical ionization potential (VIP), and vibrational frequency are also calculated on the TPSSh/6-31G*/LANL2DZ level of theory. The binding energy is defined as
are calculated as the vertical electron affinity and vertical ionization potential. All calculations are carried out by using the GAUSSIAN 09 package, 77 and molecular orbital (MO) visualization is performed by Molekel 5.4.
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III. RESULTS AND DISCUSSION
A. Structure and stability M@B 2n clusters are optimized from ideal D nd symmetry. All the compounds keep the metal centered double-ring structures except Cr@B 12 , which distorts seriously after optimizing possibly due to the geometry effect. The binding energies of these compounds are shown in Figure 1 and the binding energies of two classical metallocenes, Fe(C 5 H 5 ) 2 and Cr(C 6 H 6 ) 2 , are chosen as references. It is shown that the Ti@B 2n and Zn@B 2n have relative low binding energy. On one hand, as the atomic radius of Ti is the largest of the trans-metals in our study, it may not be suitable for the radius of boron double-ring, so the stability of Ti@B 2n is weakened. Another evidence is that the binding energy increases as the size of double-ring getting bigger. On the other hand, Zn shows some inertness in forming the complexes because its 4s and 3d orbital is fulfilled with 12 electrons (3d 10 4s 2 ), so spd-π interaction in the Zn@B 2n is weakened and it gets the lowest binding energy. What is more, taking the hexatomic doublering complexes M@B 12 into consideration, we find that only the Ni@B 12 gets the high binding energy in this series. That is because the radius of Ni atom is relative small in this transmetal period, which could be suitable for the small ring size in M@B 12 . So, the Ti@B 2n , Zn@B 2n , Cr@B 12 , and Fe@B 12 are eliminated in the further study.
Then the symmetry, binding energy, HUMO-LOMO gap, vertical electron affinity (VEA), and vertical ionization potential (VIP) of the rest compounds are listed in Table I . Ni@B 12 , Cr@B 16 , Fe@B 16 , and Ni@B 16 lost their D nd symmetry due to the John-Teller effect. The large binding energy (6.16-10.37 eV) and HUMO-LOMO gap (1.14-2.36 eV) indicate the stability of these complexes, except the Fe@B 14 and Ni@B 16 with the low HUMO-LOMO gap of 0.33 eV and 0.84 eV, respectively. The low VEA and high VIP values confirm their stability. The calculated vibrational frequencies of the low-energy isomers are verified to be all positive, so they are true local minima.
B. Electronic structures
A recent study 79 reveals that the double-ring B 2n (n = 6-14) clusters have two directional delocalized orbitals. For even n, there are 4m + 2 electrons in both radial and tangential delocalized orbitals following the Huckle's rule, respectively, implying the double aromaticity; for odd n, there are 4m + 2 electrons in tangential or radial orbitals alternatively and the rest orbitals are occupied with 4m electrons, which indicate the complexes are in conflicting aromaticity. As a result, the B 12 , B 16 , B 20 , B 24 , and B 28 are doubly aromatic, while B 14 , B 18 , B 22 , and B 26 have both aromaticity and antiaromaticity.
When a trans-metal is doped in the double-ring, orbitals of the metal would interact with the delocalized orbitals of boron clusters. However, there are both tangential and radial directions of π orbitals in boron double-ring. Then, which direction of the orbitals would interact with the metal? In order to get insight of the structure stability of these metal doped double-ring complexes, further studies are carried on using canonical molecular orbital (CMO) analysis. Moreover, adaptive natural density partitioning (AdNDP) method, 80 , 81 which has been developed for analyzing the multicenter bonds, is adopted here to identify the special bonding styles in the complexes. All these calculations are carried out on the TPSSh/ 6-31G*/LANL2DZ level. From the results of the electronic structures analysis, we suppose that all the five stable compounds (Ni@B 12 , Cr@B 14 , Ni@B 14 , Cr@B 16 , and Fe@B 16 ) could be classified into three categories.
Ni@B 14 and Fe@B 16 are included in the category I. CMO results in Figure 2 (a) indicate that there are 12 delocalized orbitals in the Ni@B 14 system, three of which are π orbitals in tangential direction and the rest nine are delocalized in radial direction. The tangential π orbitals are fulfilled with six valence electrons and follow the Huckel's (4n + 2) rule. But what is the origin of the radial delocalized orbitals? For all boron cluster B 14 , former study 79 reveals that there are six electrons in the three tangential delocalized π orbitals and eight electrons in four radial delocalized orbitals. In the Ni@B 14 complex, as Ni has ten valence electrons, we suppose the radial delocalized orbitals in B 14 ligand could interact with Ni to form the spd-π delocalized molecular orbitals. So these spd-π orbitals would be occupied with 18 valence electrons, which follow the 18-electrons principle to make the complex stable.
To confirm our inference, chemical bonding analyses of Ni@B 14 are given by AdNDP method. There are 52 valence electrons altogether in this cluster (ten from Ni and three from each boron). Figure 2 (b) reveals that there are fourteen 3c-2e BBB bonds, three 14c-2e delocalized bonds, and nine delocalized 15c-2e bonds. The bonding model of these 3c-2e bonds are in accordance with the BBB bonds in all boron clusters B 14 which almost have no contribution for the Ni-B 14 endohedral bonding. From the orbital symmetry of the nine delocalized bonds, these 15c-2e orbitals can be clearly viewed as super S, P x,y,z , and D xy,yz,xz,x2-y2,z2 orbitals (Figure 2(b) ). Thus, they are formed by the spd-π interaction between the radial delocalized orbitals in boron ligand and the outer spd orbitals in Ni, which confirms our inference. As these orbitals are fulfilled with 18 valence electrons (S 2 P 6 D 10 ), the Ni@B 14 system forms the closed-shell spherical structure and follows the 18-electron principle to reach high stability. The large binding energy (9.94 eV), HUMO-LOMO gap (2.36 eV) and VIP (7.34 eV), and small VEA (1.00 eV) are the other evidence, which implies the Ni@B 14 is a "magic number" in these series of complexes (Table I) .
Fe@B 16 has the similar electronic structure with Ni@B 14 due to the same number of delocalized electrons . The CMO results plotted in Figure 3 reveal that there are three delocalized π orbitals with six valence electrons in tangential direction and nine spd-π delocalized orbitals (S, P x,y,z , and D xy,yz,xz,x2-y2,z2 ) with 18 electrons in radial direction. So it also obeys the Huckel's (4n + 2) rule and 18-electrons principle in two directions, respectively.
Category II includes Cr@B 14 . Its number of delocalized electrons is four less than the clusters in category I. In Figure 4 (a), CMO analysis reveals that there are three delocalized π orbitals in the tangential direction and seven delocalized orbitals in the radial direction. The tangential π orbitals are occupied with six valence electrons, following the Huckel's rule. 16 . The molecular orbital energy level (MO) is marked below each orbital (there is some overlap between the energy levels). B is labeled blue, Fe is labeled yellow.
As shown in Figure 4 (b), AdNDP calculation identifies fourteen 3c-2e BBB bonds, three 14c-2e delocalized bonds, and seven 15c-2e delocalized bonds. The three 14c-2e bonds are three tangential delocalized π orbitals in B 14 . The seven 15c-2e bonds are spd-π orbitals formed by spd orbitals of Cr and radial delocalized orbitals of B 14 . Similarly, the seven 15c-2e bonds can be viewed as of super S, P x,y , and D xy,yz,xz,x2-y2 orbitals from the orbital symmetry, but the super P z and D z2 orbitals disappear compared with category I. As Cr has got six valence electrons and B 14 has ten in radial delocalized orbitals, the seven spd-π orbitals are occupied with 12 , three delocalized π orbitals in the tangential direction and eight delocalized orbitals in the radial direction are obtained in Figure 5(a) by CMO analysis. The tangential π orbitals are also fulfilled with six valence electrons, following the Huckel's rule. And AdNDP results in Figure 5 (b) reveal that there are fourteen 3c-2e BBB bonds, three 14c-2e bonds, and eight 15c-2e bonds in this system. The three 14c-2e bonds are tangential delocalized π orbitals. The eight 15c-2e bonds are spd-π orbitals (S, P x,y , and D xy,yz,xz,x2-y2,z2 ) formed by spd orbitals of Ni and radial delocalized orbitals of B 12 , occupied with 16 electrons. We identify that there is no super P z orbital in Ni@B 12 . As the Cr@B 14 of category II, delocalized orbitals in z direction should have the relative high energy level in the flat Ni@B 12 system. So P z is abandoned to keep the large HOMO-LUMO gap (2.13 eV). But for D z2 orbital, it is mainly viewed as d z2 lone pairs of Ni, which is hardly influenced by the flat shape of the compound and keeps the low energy level. Consequently, Ni@B 12 is a stable compound although its radial delocalized spd-π orbitals has only 16 electrons which do not follow the 18-electrons principle. Cr@B 16 has got the same number of delocalized electrons with Ni@B 12 . Its CMO result plotted in Figure 6 reveals there are three tangential delocalized π orbitals and eight radial delocalized spd-π orbitals (S, P x,y,z , and D xy,yz,xz,x2-y2 ) without super D z2 orbital. Because the energy level of D z2 is relative high as it delocalizes strongly along z direction, it is abandoned to keep the cluster stable. Just as Ni@B 12 cluster, Cr@B 16 also has only 16 electrons and does not follow the 18-electrons principle.
For the relative less stable compounds of Fe@B 14 and Ni@B 16 , the CMO analyses are also used to identify their electronic structures. It is found that Fe@B 14 has got three delocalized π orbitals in the tangential direction and eight delocalized spd-π orbitals in the radial direction (Figure 7(a) ). Fe@B 14 has got the similar electronic structure as Ni@B 12 with no super P z orbital, but why it is unstable? The difference is in the super D z2 orbital. The super D z2 orbital in Ni@B 12 mainly localizes as the d z2 lone pair orbital of Ni, which is influenced little by the molecular shape. However, the super D z2 orbital in Fe@B 14 is a spd-π delocalized orbital, which rises up in the flat shape. By analyzing the cation cluster (Fe@B 14 ) 2+ , we find that (Fe@B 14 ) 2+ has no D z2 orbital compared with Fe@B 14 and gets a much larger HUMO-LOMO gap (1.81 eV) than the neutral cluster (0.33 eV). Consequently, Fe@B 14 cluster with occupied D z2 orbital loses its stability.
From Figure 7 (b), we identify that Ni@B 16 has four tangential π orbitals and nine radial delocalized spd-π orbitals by CMO analysis. Ni@B 16 has one more occupied tangential π orbital than Ni@B 14 . So it has got eight electrons in tangential orbitals which obeys Huckel's (4n) rule, showing antiaromaticity. As a result, Ni@B 16 has the small HOMO-LUMO gap (0.84 eV) and its stability is weakened.
From all above, the result of the electronic structure analysis confirms our assumption. delocalized π orbitals in tangential and spd-π orbitals in radial directions, showing double aromaticity. They are classified into three categories by different numbers of delocalized orbitals in radial directions and have got different reasons for their stability. This special endohedral bonding pattern is significant in forming the M@B 2n clusters.
C. Aromaticity
After analyzing the electronic structure for M@B 2n , we obtain that each complex get delocalized orbitals in two directions-one perpendicular to the double-ring planar (tangential direction) and one in the double-ring planar (radial direction). Since the delocalization is an important cause of aromaticity, we carry on the study on the aromaticity for these systems. The nucleus independent chemical shift (NICS) has been chosen as the criterion of the aromaticity, 82 in which the negative value means aromaticity and the positive value means antiaromaticity. NICS values at two points of each system (1.5 Å from the central atom upon the ring planar and 1 Å away from the ring side in the radial direction) are calculated and listed in Table II . The negative NICS values at both two points reveal that all compounds in three categories have got double aromaticity. They all have six electrons in three tangential π orbitals which obey the Huckel's (4n + 2) rule, showing the planar aromaticity. The number of electrons filling in their radial spd-π delocalized orbitals is 18, 14, and 16 for three categories respectively, showing the 3D spherical aromaticity. At last, we study the Ni@B 16 cluster with small HUMO-LOMO gap (0.84 eV). The NICS values are negative at point 2, but positive at point 1. So Ni@B 16 shows the antiaromaticity and aromaticity in tangential and radial directions separately, which is different with all the other compounds. So the stability of Ni@B 16 is weakened, which is in accordance with the result we mentioned in Sec. III B.
IV. CONCLUSION
In this paper, we carry on the theoretical study on the transition metal centered double-ring clusters-M@B 2n (M = Ti, Cr, Fe, Ni, Zn, n = 6, 7, 8) using DFT/TPSSh method. The study of structure stability and electronic properties reveals that five of these compounds-Ni@B 12 , Cr@B 14 , Ni@B 14 , Cr@B 16 , Fe@B 16 are stable, and they keep their stabilities for three different reasons: (1) Ni@B 14 and Fe@B 16 have got three delocalized π orbitals in the tangential direction and nine spd-π delocalized orbitals (S, P x,y,z , and D xy,yz,xz,x2-y2,z2 ) in the radial direction, following the Huckel's (4n + 2) rule and the 18-electronic principle, respectively. So they have the tangential planar aromaticity and radial spherical aromaticity with the closed-shell structure; (2) Cr@B 14 have got three delocalized π orbitals in the tangential direction which follows Huckel's (4n + 2) rule and seven spd-π delocalized orbitals (S, P x,y , and D xy,yz,xz,x2-y2 ) in the radial direction fulfilled with 14 valence electrons. Their P z and D z2 orbitals disappear because of the high energy level of z directional delocalized orbitals in the flat shape. NICS results reveal that they are also the stable structure with double aromaticity. (3) Ni@B 12 and Cr@B 16 have got three delocalized π orbitals in the tangential direction and eight spd-π delocalized orbitals (S, P x,y , and D xy,yz,xz,x2-y2,z2 for Ni@B 12, S, P x,y,z , and D xy,yz,xz,x2-y2 for Cr@B 16 ) occupied with 16 electrons in the radial direction. Their P z /D z2 orbitals are abandoned because of the high energy level. They are also doubly aromatic and stable.
In the M@B 2n clusters, all the spd-π delocalized orbitals in radial direction are formed by interaction between the spd orbitals in central metal atom and the radial delocalized orbitals in boron ligand. This work reveals the special endohedral bonding model between the metal and boron ligand in the transition metal centered boron double-ring complexes and point out that these clusters are a new class of stable compounds with special double aromaticity. We hope our work will further extend the study on the boron-ligand transition metal systems.
